• A reaction mechanism of thermal treatment of hazardous mercury waste is postulated.
a b s t r a c t
The kinetics of mercury removal from solid wastes generated by chlor-alkali plants were studied. The reaction order and model-free method with an isoconversional approach were used to estimate the kinetic parameters and reaction mechanism that apply to the thermal decomposition of hazardous mercury wastes. As a first approach to the understanding of thermal decomposition for this type of systems (poly-disperse and multi-component), a novel scheme of six reactions was proposed to represent the behaviour of mercury compounds in the solid matrix during the treatment. An integration-optimization algorithm was used in the screening of nine mechanistic models to develop kinetic expressions that best describe the process. The kinetic parameters were calculated by fitting each of these models to the experimental data. It was demonstrated that the D 1 -diffusion mechanism appeared to govern the process at 250
• C and high residence times, whereas at 450
• C a combination of the diffusion mechanism (D 1 ) and the third order reaction mechanism (F 3 ) fitted the kinetics of the conversions. The developed models can be applied in engineering calculations to dimension the installations and determine the optimal conditions to treat a mercury containing sludge.
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Introduction
Mercury represents a huge environmental threat because it is highly toxic and persistent. It bio-accumulates and can cause neurological damage [1] . Anthropogenic emissions of mercury are causing a general increase in mercury pollution at local, regional and global scales [2] . The three largest secondary sources of mercury anthropogenic emissions include artisanal and small-scale gold mining, the production of vinyl chloride where mercuric chloride is used as catalyst, and the chlor-alkali industry [3, 4] .
The amount of mercury in wastes produced by chlor-alkali plants in 1995 was estimated (EU-15+Switzerland) to amount at about 95.2 tonne based on 14-17 g Hg/tonne Cl 2 capacity, only in the EU [5] . In 2000, the chlor-alkali industry was responsible for about 17% of the total anthropogenic mercury emissions in Europe with a total impact of 40.4 tonne/y [6] .
Over the last decades, increased awareness of the negative impact of mercury for the environment and human health has led to stronger regulations for its emissions. Mercury cell chlor-alkali plants are not any more considered good industrial practice. The Integrated Pollution Prevention and Control (IPPC) of the European Union has indicated that chlor-alkali installations are required to obtain licenses based on the Best Available Techniques. [7] . Although the technology is being phased out, the potential risk represented by thousands of tonnes of mercury wastes generated by this process will remain for a long period of time.
Cuba as a developing country still uses mercury cell technology to produce gaseous chlorine and caustic soda. It currently hosts more than 7000 tonnes of mercury contaminated wastes buried in concrete niches. Mercury wastes generated by the electrochemical Cuban plant were characterized as 'high mercury waste' (total Hg content exceeding 260 mg/kg) according to the US Land Disposal Restrictions [8] . According to USEPA [9] , thermal treatment represents the most suitable technology for 'high mercury wastes'. The potential of this approach to decontaminate the mercury containing wastes from the chlor-alkali industry in Cuba has been investigated in a previous contribution [10] .
Despite the fact that thermal treatment, in particular by retorting, is a widely used technology to treat solid wastes with high content of mercury (e.g. mercury wastes from the chlor-alkali process), almost all studies have focused on optimizing operating conditions at pilot and industrial scale [11] [12] [13] [14] [15] . Very few studies have been published on reaction mechanisms that may represent mercury behaviour during the thermal treatment [16] . On the other hand, several kinetic models exist for homogeneous mercury reactions in the gas phase. Most of these studies have been dedicated to unravel the reaction mechanisms of mercury oxidation, specifically in the context of exhaust gases emitted from coal-fired power plants [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . An elementary reaction mechanism for homogeneous Hg 0 oxidation with an emphasis on major interactions among Cl-species and other pollutants in coal derived exhausts has been proposed and evaluated [21] . The kinetic mechanism of mercury oxidation, by ab initio calculations of quantum chemistry, has been studied and the rate constant calculated using the transition state theory [24] . Recently, the rate constants for the 8-step homogeneous Hg-Cl reaction mechanism that describes mercury oxidation in combustion systems have been determined using the transition state theory [26] .
Heterogeneous mercury reactions have been less studied. Only thermal decomposition of mercury oxide seems to play an important role in the knowledge of the mercury solid phase reactions [27] . The kinetic and thermal decomposition of HgO was studied and a dissociative evaporation scheme that includes two different HgO(s) reactions at high (<650 K) and low decomposition temperature was developed [27] . Moreover, an investigation of the retardation effect of oxygen on the evaporation rate of HgO concluded that the dissociative evaporation of HgO proceeds with the release of atomic oxygen as a primary product of decomposition [28] . Nevertheless, based on a literature survey, there are no kinetic and thermodynamic studies about the mechanism of mercury removal from solid wastes generated in chlor-alkali industries during thermal decomposition which includes homogeneous and heterogeneous reactions for mercury contaminated wastes generated by chloralkali industries. This paper intends to elucidate the kinetics of the mercury removal from solid wastes by thermal decomposition using two different approaches, a model-free based on a differential isoconversional approach and reaction order methods. Moreover, as a first depth into the knowledge of thermal decomposition for this type of systems (poly-disperse and multi-component), this communication aims to obtain the reaction pattern and the thermodynamic feasibility of the studied system considering both homogeneous and heterogeneous reactions.
Experimental

Sampling and chemical analysis
The mercurial sludge sample used for the experiments was collected from a filled niche, located around the Cuban chlor-alkali production facility "ELQUIM". The procedures applied to sampling, sample preparation and chemical analysis have been described in a previous paper [10] .
Mercury fractionation
Fractionation by using a sequential extraction constitutes an operationally defined procedure that allows to identify various classes of species of an element and to determine the sum of its concentrations in each class [30] .
The fractionation of Hg was performed according to the four step procedure outlined by Neculita et al. [31] (Table 1) .
The extraction was performed using 2 g of accurately weighted sample mixed with 20 ml of solvent in a 100 ml centrifuge tube. The tubes were thoroughly shaken for 2 h at 20 ± 2 • C using an end over end shaker operating at about 30 rpm. Between each extraction and rinse step, the supernatant was obtained by centrifuging at 3000 rpm for 15 min at 10 • C followed by filtration using 0.45 m pore membrane filters. The rinsing steps consisted of washing the leached residues twice with deionised water (20 and 10 ml) during 15 min. Rinses were always subsequently added to the solvent extract from the same sample. The resulting combined supernatant from the first three extraction steps was analyzed for total Hg content by CVAAS. Residual Hg was extracted by adding the same reagents as for total Hg determination in the waste sample directly in the original 100 ml centrifuge tube. The sample was then transferred into a 100 ml standard volumetric flask. The digestion was performed using the same procedure as previously described for total Hg in the waste sample [10] .
Thermal treatment
The thermal decomposition technology of these mercury wastes, which is based on volatilization and subsequent condensation of the mercury vapours, results in the recovery of metallic mercury [13, 32] .
The thermal treatment of the mercurial sludge was performed at laboratory scale using a ceramic muffle furnace (L9/11/SKM/P330 Model, Nabertherm, Germany, Bremen) which has a temperature control accuracy of ±1 • C. The oven was placed inside a fume cupboard (Model Potteau, Belgium) to avoid pollution with mercury vapours.
The thermal decomposition of the sample was studied in a flowing atmospheric air stream and at isothermal conditions. A quantification of the total mercury removal was conducted at different temperatures, 250, 350 and 450 • C, and reaction times, 5, 10, 15, 20, 25, 30, 40, 50, 60, 90 , 120 and 150 min.
The tests were carried out by ashing 3 g of dried and grounded mercury waste in a porcelain crucible. A dried (1% of humidity) and grounded (2 mm sieve) mercury waste sample was used in all thermal experiments to decrease the diffusional resistances improving the mass and heat transfer and subsequently the mercury removal efficiency. Industrial chlor-alkali facilities typically generate a hazardous mercury waste with a relatively high content of water [33] . For instance, in Cuba, the mercurial sludge has approximately a water content of 50% (information provided by workers of the Cuban plant). Several studies report that humidity of this type of waste at values below 5% avoids operational interferences during the thermal process [34, 35] . Moreover, as the thermal decomposition reactions in the solid phase are considered a fast processes influenced by the temperature but limited by the diffusion and particle size of the mercury waste sample [36, 37] , a pre-treatment system which includes drying and crushing stages of the mercury waste is recommended.
The mercury removal was estimated by the differences between the total mercury content in the original sample and in the ashes obtained after each experiment. The samples resulting from retorting temperatures of 250, 350 and 450 • C and times of 5, 25, 60, 120 and 150 min, were subjected to a TCLP test in order to evaluate the influence of the retorting temperature on the toxicity classification of the treated sample. The USEPA toxicity characteristics leaching procedure (TCLP) [29] is a standardized testing methodology used to determine if a waste is characteristically hazardous. It involves an extraction of 1 g of sample with 20 ml of either acetic acid/acetate buffer or acetic acid, depending on the alkalinity of the test material. Our samples required the use of acetic acid. Details of the procedure can be found in a previous contribution [10] .
Thermodynamic analysis
Thermodynamic analysis was performed using a well-known methodology reported by Smith [38] , which is based on Kirchhoff's equation. This equation expresses the temperature dependence of the thermal quantities associated with a chemical reaction. To obtain the thermodynamic parameters for reaction j through Mondeja's Methodology [39] , the following equations were considered:
(1)
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Reaction Reference [40] where ˛i, ˇi and i are the coefficients of the empiric model with polynomial adjust, which correlate the heat capacity (Cp) with the temperature (T); T r is the reference temperature (298 K). IK j and IH j are integration constants for the heat of formation ( H j ) and the Gibbs free energy ( G j ) of the reaction considered, and Ke j represents its equilibrium constant. Solving this set of equations for ˛i, ˇi and i yields models that account for changes in the heat capacity with temperature ( Cp), and allow to estimate H j , G j and Ke j as a function of temperature. A scheme that involves six homogeneous and heterogeneous reactions was proposed ( Table 2) .
The chemical and physical composition of the sludge and the mercury fractionation [42] with the presence of HgCl 2 , HgS and HgSO 4 in the sludge matrix were taken into account. Thermodynamic data to determine the H • and G • at reference temperature (298 K) were obtained from Green and Perry [43] for several species (HgCl 2 , SO 2 , HgO, CaO, CaSO 4 , Cl 2 , Fe and FeS). For the species with no specific data the parameters were estimated correlating experimental Cp values at different temperatures [44] .
Kinetics of thermal decomposition of the mercury solid waste
Two methods widely discussed in the literature were applied to describe the kinetic behaviour of mercurial sludge thermal decomposition. First, the apparent activation energy was calculated using the model-free method of Friedman, based on the differential isoconversional approach. Second, the reaction order model was applied to find the reaction mechanism that best describes the treatment process; this second method was solved for a scheme involving six reactions instead of using one global equation.
Model-free method
The kinetic study of the thermal decomposition using the method of Friedman assumes that the reaction rate is only a function of temperature and the conversion function remains invariable; as such, the activation energy (E) can be calculated a priori.
The kinetic equation can be expressed in general terms as:
Taking natural logarithms at both sides of the equation yields
Here t represents the time (min). R and T are the universal gas constant (8.3144 × 10 −3 kJ mol −1 K −1 ) and the reaction temperature, respectively ( • C). ˇ is the heating rate (for non-isothermal experiments), whereas the parameter ˛ represents the conversion of the mercury containing species, expressed as the fraction between the number of moles consumed during reaction and the mercury content of mercury in the sample expressed in moles: 
Fig. 1. Algorithm used to investigate the reaction mechanism and to define the kinetic model. where n 0 and n represent the initial and final moles for each reaction. In Eq. (8), f(˛) represents an empirical kinetic model function of ˛ which is assumed to remains constant, i.e., the mercury conversion is only dependent on the rate of mass loss. Thus, a plot of ln[d˛/dt] versus 1/T yields a straight line with intercept equal to the log of the Arrhenius apparent activation energy, and slope equal to −E/R.
This model-free approach does not require previous knowledge about the reaction mechanism and avoids systematic errors that may result when estimating Arrhenius parameters from a kinetic analysis.
One of the objectives of the present paper is to elucidate a reaction mechanism and the correspondent kinetic model. This first calculation allows identifying the possible divergences in the values of activation energy derived from a reaction order method. Once the activation energy E has been determined, a reaction order model can be used to find the kinetic model that fits the measured data.
Reaction order model
The reaction order models can be fitted to experimental data obtained at both isothermal and non-isothermal conditions. The kinetic expressions for isothermal reaction can be represented by a canonical equation as follows:
for which f(˛) may, depending on the controlling mechanism, take different forms as presented in Table 3 . The so-called triplet A, E and f(˛) is the group of parameters often used to characterize the kinetics. A six reaction scheme involving a wide range of mercury compounds such as Hg, HgCl 2 , HgO, HgSO 4 and HgS was considered to derive the mass balance and kinetic differential equations, and to estimate the triplet of the thermal decomposition. The consistency of the new E values with respect to those obtained from the isoconversional approach was checked.
Mathematical simulation procedure
The mass balance equations and kinetic models of the mercury sludge thermal decomposition were simulated in an integrationoptimization algorithm. Fig. 1 represents the algorithm used to determine the triplet and to elucidate the reaction mechanism. The proposed algorithm constitutes a novel heuristic scheme for kinetic modelling which involves the solution of differential algebraic equations (DAE) and the optimization of the kinetic parameters using the Hooke and Jeeves method with variable step. The Hooke and Jeeves method is a 'pattern search procedure' widely used to optimize non-linear functions that are not necessarily continuous or differentiable and to determine the optimal value of a variable considering its perturbations [45, 46] .
The thermal treatment was carried out at batch operating conditions and assuming perfect mixing in the oven. Initial data and the main design operational parameters of the furnace are listed in Table 4 . 
-Material balance by component:
where M, V, n and R j are the sludge mass (g), furnace volume (m 3 ), moles of specie (i) in the reaction (j) and the reaction rate, respectively, MW is the molecular weight (g/mol) and F i is the outlet molar flow (mol/min) of reaction species i. The reaction rate was determined by substituting f(˛) in Eq. (10) by expressions for the different solid state mechanisms as presented in Table 3 . The kinetic rates for gas phase reactions (R 1 and R 4 ) were represented as:
where pHgS and pO 2 are the partial pressure of HgS and O 2 (Pa).
Solution of the integration-optimization algorithm.
The fourth order Runghe Kutta method [47] was used to solve the mass balance equations. The kinetic parameters (k j , n r ) at each temperature were calculated by the nonlinear optimization method of Hooke and Jeeves [45] . The objective function (Eq. (15)) was defined to minimize the differences between experimentally observed conversion and model calculated values at the same conditions:
where ˛f mod and ˛f exp are the conversions obtained from the model and from the experimental data.
A statistical analysis using the non-parametric tests of Ranksum and Kruskal-Wallis [48, 49] was applied to evaluate the model accuracy and to establish the mechanism that best fitted the observations.
Results and discussion
Characteristics of mercurial sludge
Properties of the mercurial sludge used in current experiment are summarized in Table 5 . The mercurial waste exhibited an alkaline pH of 9.5 ± 0.01. Carbonate content was in the order of the 60 w%, whereas pseudo total analysis revealed high Ca and Mg levels ( Table 5 ). The high organic matter (OM) content found in the sample could be attributed to the presence of other materials that are eventually disposed in the niches such as activated carbon from filters used in the electrolytic process.
The high value of electrical conductivity (EC) indicates a significant presence of soluble salts. Moreover, high levels of Ca, Mg, and Na in the mercurial waste were associated with the use of various compounds to stabilize the sludge. These include Na 2 CO 3 and NaOH for purification of the brine, Na 2 S for precipitation of Hg, and calcareous products such as CaCO 3 and Mg(OH) 2 which are used to increasing the pH. As expected, the mercurial waste contains significant amounts of Hg at about 1300 ± 100 mg/kg, allowing the material to be classified as hazardous high mercury wastes according to US EPA: land disposal restrictions [33] . A detailed analysis of the chemical characteristics of this mercurial sludge can be found in a previous contribution [10] . 
Fractionation of mercurial sludge
The sum of the sequentially extracted fractions amounted to 95 ± 2% of the total Hg content, indicating a good recovery. The residual fraction, F 4 , represented the largest fraction, including 43 ± 1% of the total content. The residual fraction has been linked to the presence of HgS. The precipitation reaction with Na 2 S promotes the formation of HgS. The second main group of mercury species was extracted within the "exchangeable phase" (F 2 ), which represented 39 ± 1% of the total content. This fraction can be related to soluble species of mercury in the oxic layer of the waste matrix. The water-soluble fraction (F 1 ) represented 13.8 ± 0.8% of total mercury content. The more mobile Hg fractions (F 1 + F 2 ) represent the major fraction of the total mercury found in the sample (52.3%), indicating a high risk of Hg mobilization by the presence of water soluble and exchangeable mercury compounds such as HgCl 2 , HgSO 4 and Hg. The fractionation method provides approximate information about the possible mercury species present in this mercurial waste [42] .
Thermal treatment of the mercurial sludge sample
Mercury contents remaining in the solid ashes were evaluated as a function of treatment time for three temperatures (250, 350 and 450 • C). Removal rates were 43, 95 and 97% for 250, 350 and 450 • C, respectively. Release of Hg from the matrix was markedly slower at the lowest temperature tested, 250 • C, where maximum removal was achieved after about 30 min. At higher treatment temperatures, release was almost instantaneous. Most of the mercury was already removed after 5 min of treatment. This can be explained by a change in the controlling reaction mechanism between the different treatment temperatures and to differences in heat and mass transfer resistance in the solid particle. Although, allowing sufficient time, more than 90% of the mercury was released at the lowest treatment temperature of 250 • C, a better removal was achieved at higher treatment temperatures. At the highest treatment temperature tested, 450 • C, a removal efficiency of 98% was achieved, resulting in a residual content of 27 mg Hg/kg.
The leachable concentrations of mercury according to the TCLP test of the treated sludge are shown in Fig. 2 as a function of time and treatment temperature. After treatment at 250 • C the mercury concentrations remained above the allowable TCLP limit of 0.2 mg/l for the entire range of residence times. As such, the treated waste still is classified as a hazardous waste according to the USEPA criteria [29] , although after the longest treatment time tested, the concentration in the leachate, 2.5 mg/l, was already substantially reduced over that of the untreated mercurial sludge (10.1 mg/l). When treated at 350 • C for 25 min or more, the leachability of mercury of the residue 
Thermodynamic analysis of the reaction scheme
A scheme of six reactions ( Table 2 ) was proposed to describe the thermal decomposition of the mercurial sludge. The reactions were selected based on the properties of the mercurial sludge and the fractionation of mercury. According to the procedure outlined above, the Gibbs free energy for each reaction was calculated, and parameters of the kinetic models were determined to fit the experimental data.
The proposed scheme of reactions involves the two types of thermal decomposition mechanisms reported in literature [37] . One type involves congruent dissociative vaporization of a solid or liquid reactant R(s/l) into gaseous products A(g) and B(g). The other type involves incongruent dissociative vaporization with formation of a solid product A(s) and a gaseous product B(g). These reactions thus may describe the chemistry of the thermal decomposition in the solid particle and subsequent reactions of the released mercury in the gas phase. The particle size, diffusional resistances and temperature are the factors that determine the reaction limiting steps and hence define the dominant reactions and mechanisms.
The probability of occurrence of each reaction was evaluated from the Gibbs free energy ( G). The thermodynamic properties G j , H j and Ke j for each reaction considered were assessed for the highest working temperature of the furnace (450 • C) ( Table 6) .
From a thermodynamic viewpoint, chemical reactions will proceed spontaneously if the Gibbs free energy G is negative. Only R 2 exhibited a positive G. O'Neil et al. [41] already reported that, for similar operating conditions, the formation of metallic Hg from HgO in the gas phase is not expected. The high value obtained for the equilibrium constant of reaction R 4 is in agreement with previous results reported by Navarro et al. [50] . Enthalpy values ( H) reveal that reactions R 1 and R 4 are exothermic while the other reactions are endothermic.
This reaction pattern, which includes five heterogeneous (gas-solid phase and liquid-gas phase) reactions and one homogeneous (gas phase) reaction, was used in the reaction order model to obtain the kinetic parameters (see Section 2.5.2). It has been assumed that R 1 , R 3 and R 5 occur in parallel. Values of the apparent activation energy obtained using the Friedman method ranged between 195 and 265 kJ mol −1 . This wide range could be due to differences in dominant reaction mechanism as a function of temperature and reaction time, which is common in heterogeneous phase and multi-step processes. Furthermore, the Friedman's method is susceptible to experimental noise. Global activation energy is being calculated, and the obtained values of E are therefore not representative for any individual reaction step. Nevertheless, a very good fit to the experimental data was obtained (R 2 = 0.938), and the results served as a useful global estimation for subsequent analyses as discussed below.
Reaction order model
Chemical reactions (R 1 ) and (R 3 )-(R 6 ) were considered in deriving the kinetic model for thermal decomposition of the mercurial sludge. The phase change reactions were disaggregated before analysis to simplify the mathematical procedure. Thus, reactions (R 1 ) and (R 3 )-(R 6 ) ( Table 2) were supplemented with:
HgS (c) → HgS (g) (R 10 )
In this study, the kinetic models representing deceleratory ˛-T curves (Table 3) were considered based on the experimental conversion curves, where no initial deceleration was observed (Fig. 3) .
Different processes may govern the mercury conversion at low (250 • C) versus at high (450 • C) temperature. First, the nine kinetic equations which correspond to the nine mechanisms mentioned above were solved together with the mass balance, and the conversions (˛) obtained this way were compared with the experimentally observed conversions for each temperature following the workflow depicted in Fig. 1 . The results are presented in Fig. 4a and b.
Subsequently, predicted conversions (˛) as a function of time were, for the nine mechanistic models, compared with the experimentally observed conversions. The lack of a good fit between -values calculated using any of the considered kinetic models, and the experimentally determined ˛ for low residence times (<15 min) may suggest that a combination of mechanisms may be ruling the process. At residence times above 15 min, good fits were found, that, however, differed between the two temperatures considered. At a retorting temperature of 250 • C the D 1 -diffusion mechanism was considered the controlling step of the process whereas at 450 • C a combination of the diffusion mechanism (D 1 ) and the third order reaction mechanism (F 3 ) appeared to control the process. This is suggested by a good fit of the respective models to the experimental data over the whole range of conversions (Fig. 4) . F3) ), the experimental conversion curve (˛ (exp)) and the conversion curves from the nine kinetic models (˛ (D1, D2, D3, D4, F1, F2, F3, R2 and R3)) reported in Table 3 .) (b) Comparison of thermal decomposition mechanisms at highest temperature tested (450
• C). (Note that curves represent the model conversion curve (( D1 + F3)), the experimental conversion curve (˛ (exp)) and the conversion curves from the nine kinetic models (˛ (D1, D2, D3, D4, F1, F2, F3, R2 and R3)) reported in Table 3 .)
The kinetic parameters ˛, k and n are presented in Table 7 . These kinetic parameters result from a global empiric kinetic model used as a first approximation to describe the thermal decomposition of this multi-component and poly-disperse system (mercurial sludge). More thermal decomposition studies of these mercury wastes should be done to investigate the kinetics for each of the proposed reactions by experimental simulation. Nevertheless, the apparent activation energies obtained for each reaction are in agreement with values reported in the literature where a range of values between 74 kJ mol −1 for CuSO 4 and 518 kJ mol −1 for CaO are reported [37] .
The results suggest that the reaction mechanisms governing the thermal decomposition change with time. At the beginning, the external diffusion of the gas (O 2 ) through the sludge particle is the controlling mechanism as the compound (O 2 ) diffuses in the superficial phase and in outer layers of the sludge particle. With time, the thickness of the ashes layer will increase due to thermal decomposition of the solid-phase reactants (e.g. HgS and HgSO 4 ) and the diffusion of gaseous products (Hg, O 2 , SO 2 and Cl 2 ) through the ashes will increasingly control the kinetics of the reactions. However, it should be reminded that the nine kinetic models used for comparison were established for mono-components and monodisperse systems. In this case study, the solid matrix is much more complex (poly-disperse and multi-component) and thus the kinetic parameters may have been more affected by diffusional processes.
It has been reported by Kafarov [51] that the equation of Prout-Tompkins is well suited for polydisperse systems and/or where a component is separated in different phases. It is very effective when there are changes in the diffusive stage that controls the process.
Application of the model
The furnace model and the kinetic expressions were used to estimate the effect of the reaction temperature on the treatment efficiency. Fig. 5a -c depicts the evolution of various mercury compounds in the sludge with time for different treatment temperatures, as estimated based on the kinetic model. Results show a fast reduction of the mercury compounds (Hg, HgCl 2 , HgSO 4 and HgS) mass in the solid matrix (mercurial sludge) with the temperature. This trend agrees with the chemical reaction mechanism proposed which includes the phase change reactions and diffusional resistances. At 250 • C, mercury chloride was converted at a much slower rate than the other mercury forms. At 350 and 450 • C, all mercury compounds were released from the matrix within 15 min. At retorting temperatures of 250 • C (Fig. 5a ) and 350 • C (Fig. 5b) , no HgSO 4 desorption was predicted to occur. This is expected because HgSO 4 has a temperature of thermal decomposition of 500 • C [38] .
The profiles of desorbed mass obtained at each working temperature are consistent with the experimental observations reported by Busto et al. [10] , where the effect of the retorting temperature was much stronger than the effect of exposure time. Nevertheless, the main explanation for the occurrence of this phenomenon could be associated with the controlling reaction mechanism that takes place at low (250 • C) and high temperature (350-450 • C).
Experimentally observed maximum conversions were compared with model calculated data (Table 8) .
At retorting temperature of 250 • C, the kinetic model obtained by simulation did not result in a suitable adjustment with the experimental values. Contrarily, a very good fit of the experimental conversion with the modelled conversion values was achieved for 350 • C and 450 • C. This could be linked with a change in the controlling reaction mechanism during the thermal process. Nevertheless, the statistical significance of the conversion values at 250 and 450 • C was verified. The P values obtained at 250 • C from the Rank sum and Kruskal-Wallis statistical tests were 0.119 and 0.175 (P > 0.05), respectively. Equally, P values obtained at 450 • C from the Rank sum and Kruskal-Wallis statistical tests were 0.167 and 0.097, respectively, demonstrating that non-significant differences exist between experimental data and the proposal model.
The added value of the knowledge of the mercury reaction mechanism during thermal treatment of solid wastes is a step into the process design at higher scales such as pilot or full-scale plant. It allows to elucidate the most significant parameters to be taken into account and to predict the effects of different reaction conditions.
Conclusions
In the present research a kinetic reaction mechanism that describes mercury removal during thermal treatment of a solid waste has been proposed. A set of six reactions involving mercury conversions and including homogeneous and heterogeneous phase interactions, was considered. The proposed reactions pattern was thermodynamically evaluated and kinetic parameters were obtained. Model predictions were in good agreement with the experimental data. The effect of reaction temperature was much stronger than the effect of residence time. Two steps controlling the kinetics of the thermal decomposition were identified. The D 1 -diffusion mechanism appeared to govern the process at 250 • C and high residence times, whereas at 450 • C a combination of the diffusion mechanism (D 1 ) and the third order reaction mechanism (F 3 ) fitted the kinetics of the conversions. Contrarily, at low residence times (<15 min) for both compared temperatures, a combination of mechanisms may be ruling the process. The developed models can be applied in engineering calculations to dimension the installations and determine the optimal conditions to treat a mercury containing sludge.
